Pea early browning virus (PEBV) is a member of the genus, Tobravirus. It is transmitted by soil-inhabiting trichodorid nematodes and through seeds from diseased plants. By introducing mutations into the PEBV genome, we have studied the viral determinants of seed transmission in pea. Neither deleting a portion of the genome containing the three nonstructural genes in RNA2 nor the interuption of any of the three genes individually prevented PEBV seed transmission. However, a comparison of two PEBV isolates indicated a minor role for RNA2 or its products. In contrast, the removal of the coding sequence of the 12K gene in RNA1 almost completely abolished viral seed transmission. The virus lacking the 12K gene caused more severe symptoms on leaves and pods, and accumulated to a higher level than the wild-type virus in both types of tissues. However, the 12K deletion mutant accumulated poorly in anthers and carpels, and could not be detected in pollen grains and ovules. These results suggest that the 12K gene is involved in the infection of the gametic cells and hence the seed transmission of PEBV in pea.
INTRODUCTION
1969; Shepherd, 1972) . This was confirmed later for nepoviruses (Hanada and Harrison, 1977) and cucumoviPea early browning virus (PEBV) has a bipartite, posiruses (Hampton and Francki, 1992) when highly and tive sense, single-stranded RNA genome. The RNA1 of weakly seed-transmissible isolates were compared. In the PEBV isolate SP5 encodes four polypeptides of 201, these cases, the primary determinant of seed transmis-141, 30, and 12 kDa (MacFarlane et al., 1989) . The 141-sion was found to be in the virus genomic RNA1, which kDa (141K) and the 201-kDa (201K) polypeptides are procontained genes involved in virus replication. teins associated with the viral replicase, the 201K being Typically, different tobraviruses have RNA1 of similar produced by read-through of a leaky termination codon; sizes and similar coding capacity. In contrast, the RNA2 the 30-kDa (30K) polypeptide probably serves as the viral varies in both respects for different tobraviruses. For exmovement protein. The 12-kDa (12K) polypeptide conample, the RNA2 of the PEBV TPA56 isolate is 3.37 kb tains a cysteine-rich putative zinc finger structure but has long and contains three genes coding for nonstructural had no function assigned to it. PEBV RNA2 (Goulden et proteins, whereas RNA2 of pepper ringspot virus (PRV) al ., 1990; MacFarlane and Brown, 1995) encodes four is 1.8 kb long and only encodes the viral coat protein polypeptides: the coat protein and the three nonstructural (MacFarlane and Brown, 1995; Bergh et al., 1985) . Howproteins of 9, 29, and 23 kDa, respectively. PEBV is transever, PRV is 15-30% seed transmissible in tomato (Costa mitted naturally by soil-inhabiting nematodes and and Kitajima, 1968) , suggesting that the tobravirus nonthrough seeds from infected plants. By comparing nemastructural proteins from RNA2 may not be essential for tode transmission of different mutants, it was found that viral seed transmission. all the proteins encoded by RNA2 are involved in transRecently, the construction of chimeric viruses from isomission (MacFarlane and Brown, 1995; lates differing in seed transmission has been used to al., 1996). In contrast, the viral genes affecting PEBV seed map seed transmission determinants in barley stripe motransmission have not been investigated. saic virus (BSMV) and pea seed-borne mosaic virus The existence of viral determinants of seed transmis-(PSbMV) (Edwards, 1995; Johansen et al., 1996) . In both sion was originally deduced from the observation that studies, the major determinant of seed transmission was different isolates of a seed-borne virus may have different the viral nonstructural gene coding for a protein conrates of seed transmission in the same host (Bennett, taining a cysteine-rich domain, the gb gene for BSMV and the HC-Pro gene for PSbMV.
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Two isolates of PEBV were used in this work. RNA1 ized and cloned full-length viral cDNAs produced (Mac-(Ding et al., 1992) with a PEBV-specific rabbit polyclonal antiserum (MacFarlane et al., 1989) . The accumulation Farlane et al., 1991) . A full-length cDNA clone of RNA2 of isolate TPA56 was also available (MacFarlane and of wild-type PEBV and the various mutants was assessed using ELISA and Northern analysis. For the latter, 20 mg Brown, 1995) . Infections with PEBV (MacFarlane and Brown, 1995) were established initially in Nicotiana benof total RNA, extracted from the maternal pod tissues, was denatured according to Gründemann and Koepsell thamiana using in vitro-generated transcripts derived from cloned viral cDNAs as described previously (Mac-(1994) , separated on a 1.25% agarose gel, transferred to Hybond N membrane (Amersham), and hybridized (BrisFarlane et al., 1991 (BrisFarlane et al., , 1996 . Homogenates of infected tissue in 0.1 M sodium phosphate, pH 7.5, were manually son et al., 1994) using a a radiolabeled DNA probe derived from pT7FL3 (MacFarlane et al., 1996) . inoculated to seedlings of Pisum sativum cv. Rondo, and the plants grown to maturity at 15-20Њ with supplemenTo assess the distribution of wild-type PEBV and the D12K mutant, unpollinated flowers from infected plants tary lighting to give a 14-hr photoperiod. To assess the incidence of seed transmission, mature seeds (50-100) were dissected and the anthers and carpels separately fixed, wax-embedded, and processed for immunohistowere harvested from infected pea plants and germinated and grown under the same conditions. chemical analysis. Sections were probed with rabbit polyclonal anti-PEBV serum and specific reactions were Virus mutants visualized following incubation with alkaline phosphatase (AP)-conjugated secondary antibody (Sigma) and Recombinant DNA techniques were carried out using standard protocols (Sambrook et al., 1989) .
Fast Red/Naphthol AS-MX (Sigma) AP substrate, as described before (Wang and Maule, 1997) . The sections PEBV RNA2 mutants DBE, 29D, 23D, 23FS, and 9FS have been described previously (MacFarlane et al., 1996;  were counterstained by brief immersion (15 sec) in an aqueous solution (0.25% w/v) of Alcian Blue (Aldrich Fig. 1 ). Two mutants in the 12K gene of PEBV RNA1 were made (Fig 1) . The 12K deletion (D12K) was made by introChemical Co.), which binds to cell wall material. Slides were mounted in Entellan (Merck) before microscopic ducing new NheI sites three nucleotides (nt) after the 12K translational start codon and 3 nt before the translational examination and photography. stop and removing the 12K coding sequence as a NheI fragment. The NheI sites were introduced into a 3 terminal RESULTS AND DISCUSSION BamHI (nt 5110) to SmaI (nt 7073) M13mp19 subclone of the RNA1 cDNA (pT7FL3; MacFarlane et al., 1991) using At the start of this work, the fully characterized PEBV SP5 isolate and a pseudorecombinant composed of SP5 mutagenic oligonucleotides and the dut 0 ung 0 mutagenesis method (Kunkel et al., 1987) . The mutagenized se-RNA1 and TPA56 RNA2 were assessed for seed transmissibility in pea cultivar 'Rondo'. Although the levels quence was confirmed by DNA sequencing. After excision of the NheI fragment, the deleted cDNA was digested with of seed transmission in infected plants showed a large variation between experiments, the pseudorecombinant MluI (nt 5235) and SmaI (nt 7073) and inserted into similarly digested pT7FL3. The 12K frameshift mutant (12FS) was showed consistently higher levels, with an average of about 40% as opposed to approximately 10% for the pure made from a clone with only a single NheI site introduced three nucleotides after the translational start codon. The SP5 isolate. This result, and the availability of mutants within TPA56 RNA2 (MacFarlane et al., 1996) led to the DNA was cut with NheI, the site filled-in with T4 DNA polymerase, and the DNA religated to introduce a /1 use of the pseudorecombinant for all the subsequent analyses. From here this pseudorecombinant is referred frameshift. The modified sequence was reinserted into pT7FL3 as above. The frameshift results in expression of to as wild-type virus.
To assess the contribution of the nonstructural genes a nine amino acid peptide unrelated in sequence to the 12K protein.
within PEBV RNA 2 to PEBV seed transmission, infections of pea were established for some deletion and frameshift The stability of the RNA2 mutants after replication in pea was assessed as described previously (MacFarlane mutants that had been used previously in an investigation of nematode transmissibility of PEBV ( Fig. 1 ; MacFaret al., 1996) . Stability of the D12K mutant was assessed using RT-PCR amplification (using a primer representing lane et al., 1996) . Mutant DBE deleted the complete coding region of the 29-and 23-kDa and a part of the coding nt 5608-5631 of PEBV RNA1 and a primer complementary to the terminal 19 nt of all tobravirus RNAs) and region of the 9-kDa proteins. Mutants 29D and 23D, and 23FS and 9FS, were deletion and frameshift mutants, restriction enzyme digestion of the PCR product with NheI. None of the mutants showed reversion after replirespectively, of the individual nonstructural genes. Symptoms induced by either the wild-type virus or the mutants cation and systemic infection of pea.
on pea plants were very mild and, based on ELISA Virus detection assays, all the viruses accumulated to a similar extent in infected leaf tissue (data not shown). When progeny Infection of the mother plants and transmission of PEBV to progeny seedlings were confirmed using ELISA seedlings were assessed for PEBV infection it was found was shown not to destroy infectivity (Guilford et al., 1991) .
Mutated in RNA2
Infections with PEBV RNA1 D12K or 12FS, and RNA2, Experiment 1 Experiment 2
were established on N. benthamiana and tissue extracts (Nov. 1994 -Feb. 1995 ) (Jan. 1995 -April 1995 used to infect pea. PEBV D12K infections resulted in the formation of necrotic symptoms on pea leaves and pods could not maintain the virus from the single seed showing transmission of the D12K mutant and it could not be analyzed further.
To investigate the mechanism responsible for the rethat all the mutants were seed transmitted ( Table 1) . The stability of these mutants after transmission into the duced seed transmission, the inoculated plants were assessed for virus accumulation. After inoculation of peas, progeny seedlings was confirmed by RT-PCR analysis. There was a large variation between experiments in the extent of seed transmission of the mutant and wild-type viruses. This might be due to environmental influences as these two experiments were done at different times of the year. Environmental factors such as temperature have commonly been found to affect the efficiency of plant virus seed transmission (reviewed by Maule and Wang, 1996) . Despite considerable variation in the levels of seed transmission between the two experiments, two conclusions were clear. Neither the removal of the sequence coding for all the nonstructural genes (mutant DBE) nor disruption of individual nonstructural genes abolished PEBV seed transmission.
While the removal of the nonstructural gene products did not prevent seed transmission, the comparative data for the pseudorecombinant and the pure SP5 isolate suggests that RNA2 may have a minor role in this process. There are 11 nucleotide differences between the RNA2s of SP5 and TPA56, 3 of which result in altered protein coding in the 29K (2 amino acids) and coat protein (1 amino acid) genes (MacFarlane and Brown, 1995) . Unfortunately, the variability in the seed transmission data did not allow the important nucleotide changes to be identified. Considerably more stable environmental conditions would have to be established to achieve this.
An involvement of the larger genomic RNA (RNA1) in seed transmission might result from specific RNA sequences or from the RNA1-encoded proteins. Mutations that abolish the expression of the 141K or 201K, or the 30K genes would prevent virus replication, or virus move- a complete deletion of the 12K coding region (Fig. 1) .
FIG. 2.
PEBV accumulation in the leaf and reproductive tissues of infected peas. The symptomatic effects of wild-type (WT) and D12K mutant PEBV on leaves (A) and pods (B) are shown; healthy (H) tissues are included for comparison. The symptoms are very mild for WT PEBV and characterized by small necrotic lesions on leaves and larger necrotic areas on pods for D12K PEBV. Sections of anthers (C and D) and carpels (E and F) sampled from D12K-infected (C and E) or WT-infected (D and F) plants were subjected to immunohistochemistry to detect PEBV coat protein (red color; illustrated by arrows). The wide distribution of WT PEBV throughout the anther, including the tapetum (t), and the carpel (c) tissues results in the infection of pollen (ip; red color) and the ovules (o). In contrast, the limited spread of the D12K mutant leaves the pollen (p) and ovules (o) free of infection. c, carpel; ip, infected pollen; o, ovule; p, uninfected pollen; t, tapetum. Bars: C and D, 500 mm; E and F, 1 mm.
12FS was not detected in the inoculated or younger 2 times the level of wild-type virus in leaf tissues and mature pod tissues (Fig. 3) . These results demonstrated leaves by ELISA (Fig. 3A) . In contrast, both ELISA and Northern analysis showed that D12K accumulated at 1-that the decrease in seed transmission of the D12K mu-tant was neither due to a reduced viral accumulation in the infected plants nor due to an altered proportion of viral RNA to virus particles that, potentially, could affect the efficiency of virus movement. Although our inability to detect the 12FS mutant in pea did not allow us to distinguish between effects associated with the 12K protein and the 12K RNA sequence, it is interesting that, like the cysteine-rich proteins from BSMV and PSbMV, which act as determinants of seed transmission, the PEBV 12K is also a cysteine-rich protein.
In our previous study on the plant structural basis of PEBV seed transmission, we showed that PEBV accumulated extensively in the male and female reproductive tissues and cells, i.e., anthers, pollen grains, carpels, ovules and egg cells (Wang and Maule, 1997) . To analyze further the basis of the reduction in seed transmission in D12K-infected plants, the distribution of the mutant in the floral tissues was investigated (Figs. 2C and 2E ). The wild-type virus accumulated extensively in the anther (Fig. 2C, arrow) , but the dantly in the carpel and the ovules (Fig. 2F) , while the D12K mutant was found only sparsely distributed in the vascular tissues in the carpel (Fig. 2E, arrow) . No virus different effects on virus/host interactions in different orwas found in the ovule (Fig. 2E ) or in the egg cells (data gans and in the tissues at different developmental not shown).
stages. Because pollen grain and/or egg cell infection is the route for PEBV to achieve seed transmission, it is not ACKNOWLEDGMENTS surprising that seed transmission in D12K-infected 
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